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HYDRODYN AMIC FLUID FILM BEARING HAVING A KEY-LESS FOIL 
Field of the Invention 

[0001] This invention relates generally to hydrodynamic fluid film bearings and 
more particularly to such bearings employing one or more foils to establish and 
maintain a fluid film within the bearing and a resilient backing member 
accommodating deflections of foils and excursions of the rotating portion of the 
bearing. 

Background of the Invention 

[0002] Generally, hydrodynamic fluid film bearings operate on the principle that a 
rotating member, such as a shaft or thrust runner, and an adjacent element, such as 
a smooth foil or the like, establish and maintain a pressurized fluid film layer 
therebetween. The fluid film layer, also referred to in the industry as a fluid film 
wedge, provides lubricant-free support for the rotating member. Often, a resilient 
backing means or spring is disposed between a foil and a stationary member (e.g., a 
cartridge, retainer or base) in which the rotating member is axially disposed to 
accommodate deflections of the foil due to the pressurization thereof by the fluid 
film layer and excursions of the rotating member due to bearing loading and 
imbalances thereof such as whirl and the like. 



[0003] Successful bearing designs have used multiple foil layers in the form of a 
single coiled foil or multiple foil elements. A multi-layer foil construction is 
advantageous in certain respects. For example, a multi-layer foil is believed to 
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enhance coulomb damping which provides energy dissipation particularly suitable 
for hydrodynamic bearings. Moreover, such multi-layer foil constructions exhibit 
larger rotor excursion tolerance, good accommodation of differential expansion of 
the foils, accommodation of manufacturing misalignments, accommodation of foil 
imperfections, tolerance to contaminants, and good wipe-wear characteristics at 
high speeds, as well as during starting and stopping. 

[0004] A generally accepted foil design in the industry, generally disclosed and 
claimed in U.S. Patent Nos. 4,415,280 and 4,415,281, incorporated herein by 
reference, is shown in FIG. 1. For example, a hydrodynamic fluid film journal 
bearing 10 includes a stationary retaining member or cartridge 12, also known as a 
shell, retainer or base, which encloses a rotary shaft or journal 14 adapted for 
connection to a high speed rotor. The retaining member 12 and the journal 14 
combine to define an annular spacing or clearance 16. The retaining member 
includes an inner surface having a longitudinally extending key way 18 formed 
therein. 

[0005] A first open or split, generally cylindrical-shaped, smooth foil element 20 is 
disposed within the annular spacing 16 and fixed along an edge to a side of a key 22 
slidably received within the keyway 18. A second open or split, generally 
cylindrical-shaped, smooth foil element 24 is provided inwardly of and concentric 
to the first foil element 20 within the annular spacing 16. The second foil element 24 
is also fixed along an edge to the key 22. In accordance with the arrangement 
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shown in FIG. 1, the first foil element 20 may be referred to as an intermediate or 
contact foil, while the second foil element 24 may be referred to as a top foil. 
During starting and stopping of rotation of the journal 14, the top foil often rubs 
against the journal 14 until sufficient fluid film is created. Accordingly, the top foil 
is commonly provided with a low-friction coating on the radial inner surface. 

[0006] A corrugated resilient backing member or spring 26 is disposed within the 
annular spacing 16 between the retaining member 12 and the foil elements 20, 24. 
The spring 26 is also of a generally open or split cylindrical shape and fixed along 
an edge to the key 22. In general, the foil elements 20, 24 are attached to the key 22, 
and are mounted within the retaining member 12, such that the extension of the 
first foil element 20 is in a direction opposite that of the second foil element 24. 

[0007] Since the foil elements 20 and 24 and the spring 26 are discrete members and 
are not coiled from a single foil element, telescoping of these members due to axial 
loading and resulting in possible damage to the foils by rubbing with the journal 14 
is minimized. Additionally, the provision of discrete foil elements, rather than a 
single coiled foil allows foils of varying properties of thickness, resilience and the 
like to be used for precise tailoring of properties. 

[0008] Hydrodynamic fluid film bearings, such as those of the design shown in FIG. 
1, are commonly used in turbo-compressor units employed in modern air cycle 
machinery for aircraft cooling and ventilation. While multi-layer foil designs 
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exhibit the above-identified advantages, improvements in such bearings in the 
areas of manufacturability, damping characteristics and compliancy, ease in 
assembly /disassembly and foil replacement, resistance to foil telescoping, and 
convenience in providing multi-thickness foil layers are continually being sought. 
Moreover, the key arrangement shown in FIG. 1 has several drawbacks. Most 
notably, satisfactory operation of the bearing requires perfection in manufacture of 
the foils. That is, the key must be perfectly straight and the foils must be attached 
perfectly square to the key. Any gaps, curves or misalignment will affect the load 
carrying capacity of the bearing, and may also lead to premature failure of the 
bearing. Because there are at least two foil elements attached to the key, alignment 
is more critical. Any imperfections in the key, the foil elements, or the welds will 
affect operation of the bearing. It is often cumbersome and difficult, and hence 
expensive, to attach thin foil elements to the small cross-sectional area of the key. 

[0009] For satisfactory operation of the bearing, the key must also be maintained 
perfectly straight within the keyway of the retaining member. Keys are susceptible 
to bending during both manufacture and operation. Further, the key may tilt or 
twist within the keyway during operation in response to forces exerted on the foil 
elements. Any bends or twists in the key lead to reductions in load carrying 
capacity and compliancy of the bearing, and may ultimately cause of failure. 

[0010] Hydrodynamic fluid film bearings work because of their compliancy. In the 
key design of FIG. 1, it has been determined that the bearing has low compliancy in 
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the direction of the key. In effect, there is a "hard spot" over the key. With respect 
to compliance, this hard spot conflicts with the nature of the bearing and the fluid 
film created therein during rotation of the journal. As a result, the bearing has less 
load capacity in the direction of any hard spots, namely the location of the key. 
Further, the bearing has less shock load resistance and damping in that direction. 

[0011] The present invention, as detailed in the illustrations and description below 
aims at reducing or eliminating these drawbacks in hydrodynamic fluid film 
bearings. 

Summary of the Invention 

[0012] The present invention resides in a hydrodynamic fluid film bearing, 
comprising a stationary retaining member, at least two generally cylindrical foil 
elements attached to one another and forming an anti-rotation fin, and a generally 
cylindrical resilient backing member. The retaining member has an inner surface 
defining a cylindrical opening for receiving a shaft journal. The inner surface also 
includes a longitudinally extending slot in which the anti-rotation fin formed by the 
foil elements is mounted so that the foil elements line at least a portion of the 
cylindrical opening. The resilient member is also disposed within the cylindrical 
opening generally concentric to and radially outward from the foil elements. The 
foil elements may be discrete elements attached together to form the anti-rotation 
fin, or alternatively formed from a single foil with a bend defining the anti-rotation 
fin. 
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[0013] In a preferred embodiment of the present invention, the foil elements extend 
in opposite circumferential directions within the cylindrical opening of the 
retaining member from the slot and have respective free ends overlapping one 
another. 

[0014] The bearing design of the present invention provides several advantages 
over the prior art key design. For example, manufacture of the foil bearing is easier 
because the key, and therefore the requirement of perfection in the key shape and 
surfaces, has been eliminated. The anti-rotation fin of the present invention may 
bend, tilt or twist without the danger of failure of the bearing or reduce load 
carrying capacity. The danger of failure due to hard spots is also reduced with the 
elimination of the key. The use of an anti-rotation fin maintains high compliancy, 
high load capacity, and high shock resistance capacity of the bearing even in the 
direction of the fin. 

Brief Description of the Drawings 

[0015] FIG. 1 is an end view of a prior art hydrodynamic fluid film bearing. 

[0016] FIG. 2 is an end view of a hydrodynamic fluid bearing in accordance with 
the present invention. 

[0017] FIG. 3 is an enlarged, fragmentary end view of the hydrodynamic fluid film 
bearing of FIG. 2. 



[0018] FIG. 4 is an enlarged, fragmentary end view of an alternate embodiment of 
the hydrodynamic fluid film bearing of the present invention. 

Detailed Description of the Invention 

[0019] Referring to FIGS. 2 and 3, a hydrodynamic fluid film bearing 110 of the 
present invention includes a stationary retaining member or cartridge 112 having 
an inner surface defining a cylindrical opening which encloses a rotary shaft or 
journal 114 adapted for connection to a high speed rotor for such equipment as high 
speed electric motors or bladed rotors for use in any type of high speed turbo- 
compressors such as those employed in air cycle machinery. An annular spacing or 
clearance 116 is defined between the retaining member 112 and the journal 114. A 
longitudinally extending slot 118 is provided on the inner surface of the retaining 
member 112 with an opening into the annular spacing 116. 

[0020] A first smooth foil element 120 being generally of an open or split (along the 
side) cylindrical shape is disposed within the annular spacing 116. The first foil 
element 120 extends in a generally circumferential direction and includes a fin 
portion 122 projecting from an edge of the opening of the foil element 120 in a 
radial direction generally normal to the circumferential extension of the element. 

[0021] As shown in FIGS. 2 and 3, a second smooth foil element 124 being generally 
of an open or split (along the side) cylindrical shape is disposed within the annular 
spacing 116 radially inwardly of and concentric to the first foil element 120. 
Alternatively, the second foil element 124 may be disposed within the annular 
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spacing 116 radially outwardly of and concentric to the first foil element 120, as 
shown in FIG. 4. 

[0022] As is generally known to one of ordinary skill in the art, the inner foil 
element, also known as the top foil, rubs the journal 114 during starting and 
stopping of rotation of the journal 114 until sufficient fluid film is created in the 
annular spacing 116, and accordingly the radial inner surface of the top foil is 
preferably provided with a low-friction coating to reduce the friction in such 
situations. The present invention covers designs where either the first foil element 
120 or the second foil element 124 may be positioned as the inner, or top, foil 
adjacent the journal 114. In either design, the top foil preferably extends in a 
generally circumferential direction within the annular spacing 116 that is opposite 
to the rotational direction of the journal 114. In a preferred embodiment, the outer 
foil element, also known as the intermediate or contact foil, extends in a generally 
circumferential direction within the annular spacing 116 that is the same as the 
rotational direction of the journal, and opposite to the direction of the top foil. 

[0023] Further, a longitudinally flexible, corrugated resilient backing member or 
spring 126 is disposed within the annular spacing 116 adjacent the inner surface of 
the retaining member 112. Preferably, the spring 126 is positioned between the 
retaining member 112 and the outer, or intermediate /contact, foil element. As 
shown in FIGS. 2 and 3, the spring 126 is disposed between the retaining member 
112 and the first foil element 120. In the alternative embodiment shown in FIG. 4, 
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the spring 126 is disposed between the retaining member 112 and the second foil 
element 124. The spring 126 is of a generally open or split (along the side) 
cylindrical shape extending in a generally circumferential direction. 

[0024] The second foil element 124 extends in a generally circumferential direction 
and includes a fin portion 128 projecting from an edge of the opening of the foil 
element 124 in a radial direction generally normal to the circumferential extension 
of the element. The respective flange portions 122 and 128 of the foil elements 120 
and 124 are attached to one another to form an anti-rotation fin 130 slidably 
receivable within the slot 118 provided in the retaining member 112. The foil 
elements 120 and 124 are therefore mounted within the retaining member 112 and 
restrained from rotation by inserting the fin 130 into the slot 118. The longitudinal 
ends of the slot 118 are closed to capture the foil elements 120, 124 in the retaining 
member 112. The use of the fin 130, inserted into the slot 118, readily allows 
bearing inserts to be changed for tailoring bearing damping to bearing load 
conditions. 

[0025] Though shown as discrete elements in FIGS. 2 and 3, the first foil element 120 
and the second foil element 124 may be formed from a single piece of foil, as shown 
in FIG. 4. A bend 134 is provided to divide the foil material into the first and 
second foil elements 120 and 124. To assemble the bearing 110, the bend 134 is 
inserted into the slot 118 to mount the foil elements 120 and 124 within the retaining 
member 112, as well as to restrain the foil from rotating with the journal 114. 
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[0026] The spring 126 may also include a flange portion 132 projecting from an edge 
of the opening of the spring 126 in a radial direction generally normal to the 
circumferential extension of the spring 126. The flange portion 132 of the spring 126 
may also be inserted into the slot 118 to mount the spring 126 into position with 
respect to the retaining member 112 and the foil elements 120 and 124 and restrain 
the spring 132 from rotation. The flange portion 132 may be affixed to the fin 130, 
or the bend 134, or alternatively retained in the slot 118 by surface contact with the 
fin 130 or the bend 134. Spring retention where the spring 126 is not positively 
attached to the fin 130, the bend 134, or either of the foil elements 120 and 124 
lessens the criticality of the angular disposition of the flange portion 132 of the 
spring 126 from the remainder thereof for proper bearing operation, thus 
contributing to the ease of bearing manufacturability. 

[0027] Preferably, the slot 118 of the retaining member 112 has complementary 
shape and width with the fin 130 and the spring flange portion 132. That is, for 
example, the width of the slot 118 is designed to be essentially equal to the 
thickness of the first foil element flange portion 120, the second foil element flange 
portion 124 and the spring flange portion 132, combined. Therefore, the slot 118 
typically has a smaller width than in the key way 18 of the prior art design shown in 
FIG. 1. Preferably, the depth of the slot 118 is greater than the length of the fin 130 
or the bend 134. For example, the space between the end of the fin 130, or the bend 
134, and the bottom of the slot 118 may be on the order of 0.030 inches. In general, 
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the smaller volume occupied by the fin 130 or the bend 134 provides the bearing 
with greater compliance during operation. In the key design of the prior art, the 
key 22 is less free to move, and thus creates a "hard spot" that reduces compliancy, 
load carrying capacity, and shock resistance capacity in the direction of the key. 

[0028] As those of ordinary skill in the art will recognize, disturbances to the journal 
114 are damped by compression or squeezing of the fluid film between the journal 
114 and an adjacent foil element (e.g., second foil element 124 as shown in FIGS. 2 
and 3; first foil element 120 as shown in FIG. 4), compression of the corrugations in 
the spring 126, and coulomb damping. 

[0029] The bearing 110 operates under the basic principle of generation of 
hydrodynamic pressure in the portion of the annular spacing 116 between the 
journal 114 and the foil elements 120 and 124. Under theoretical no load conditions, 
the geometric center of the journal 114 coincides with the geometric centers of the 
retaining member 112 and the cylinders formed by the foil elements 120 and 124. 
However, under actual operating conditions, some load will be exerted on the 
journal 114 which eccentrically displaces the geometric center of the journal 114 
from the geometric centers of the retaining member 112 and the foil elements 120 
and 124, thereby defining a wedge-shaped clearance with the foil elements 120 and 
124. Rotation of the journal 114 causes its geometric center to orbit about the 
geometric center of the foil elements 120 and 124 causing the wedge-shaped 
clearance to so orbit the foil elements' center. As those of ordinary skill in the art 
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will recognize, the eccentric positioning of the journal 114 with respect to the foil 
elements 120 and 124, and the continuous rotation of the journal 114, cause the 
establishment and maintenance of regions of high-pressure and low-pressure 
between the journal 114 and the foil elements 120 and 124. This causes flow of fluid 
from the high-pressure zone to the low-pressure zone resulting in a squeezing of 
the fluid between the journal 114 and the foil elements 120 and 124. This 
phenomenon defines supporting fluid film that supports radial loads on the bearing 
110 and prevents the journal 114 from contacting the foil elements 120 and 124. 

[0030] The spring 126 serves two purposes. First, the spring 126 provides a resilient 
deformable backing which aids in the formation of the supporting fluid film wedge, 
described hereinabove, by accommodating certain foil deflections due to the 
pressurization thereof by the film. The spring 126 also provides an overall load 
carrying capacity and accommodation of journal excursions due to journal loading 
and imbalances. Preferably, for damping and stability, the spring 126 should have a 
relatively low characteristic spring rate, while for adequate load capacity and 
limitation of shaft excursions, the spring 126 should have a relatively high spring 
rate. Accordingly, a dual or bilinear spring rate in the form of a single spring, such 
as disclosed in U.S. Patent No. 4,415,281, incorporated herein by reference, is 
preferred. 

[0031] Though shown and described above as being mounted in the bearing 110 by 
inserting the flange portion 132 of the spring 126 into the slot 118, the present 
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invention is not limited in such respect, and the spring 126 may be retained in the 
bearing 110 in alternative ways, including by welding a portion of the spring 126 to 
the inner wall of the retaining member 112. Alternatively, the spring 126 is 
described above as being discrete from the first and second foil members 120 and 
124. However, the present invention also covers a design whereby the spring 126 is 
attached to the first and second foil elements 120 and 124, for example, by welding 
the spring flange portion 132 to the fin 130 or the bend 134. 

[0032] For enhanced coulomb damping, it has been the practice in the art to provide 
multiple foil layers in the annular spacing between the journal and the retaining 
member, one example of such multiple layers being that described above and 
shown in FIG. 1. In accordance with the present invention, and as shown in FIGS. 2 
and 3, to enhance coulomb damping, the second foil element 124 is provided 
radially inwardly of and concentric to the first foil element 120. The first and 
second foil elements 120 and 124 overlap within the annular spacing 116. The 
spring 126 is disposed radially outwardly of and concentric to the first foil element 
120. Disturbances to the journal 114 are therefore damped in part by coulomb 
damping between the first and second foil elements 120 and 124, as well as between 
the first foil element 120 and the apices of the spring 126. 

[0033] The above noted coulomb damping is further enhanced by mounting the foil 
elements 120 and 124 and the spring 126 to the retaining member 112 such that one 
or more of the elements extends from the mounted edge in a circumferential 
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direction opposite that of an adjacent element. As shown in FIGS. 2 and 3, radially 
outward pressure of the fluid film between journal 114 and the second foil element 
124 urges that foil element outwardly, opening the cylinder formed by that foil 
element and imparting a generally clockwise movement to that cylinder. Coulomb 
damping is achieved by a rubbing of the second foil element 124 against the 
adjacent first foil element 120. This coulomb damping is enhanced by the extension 
of the first foil element 120 in a circumferential direction opposite that of the second 
foil element 124. As pressurization of the fluid film urges the second foil element 
124 outwardly, it, in turn, urges the first foil element 120 outwardly causing that foil 
element to open and move counterclockwise - i.e., in a direction opposite that of the 
second foil element 124. It will be appreciated by those of ordinary skill in the art 
that movement of the foil elements in directions opposite to one another achieves 
greater energy dissipation and damping than movement in the same 
circumferential direction as would be the case where the foil layers extend in the 
same direction from the mount thereof, or equivalently, where the foils comprise 
adjacent layers of a single coiled foil element. 

[0034] Still referring to FIGS. 2 and 3, outward movement of the foil elements 120 
and 124, under pressure from the fluid film, urges the foil elements 120 and 124 
against the spring 126, causing the spring 126 to open outwardly and move in a 
generally clockwise direction. Since the first foil element 120 moves in a generally 
counterclockwise direction when pressurized, enhanced coulomb damping is 
achieved due to opposed movements of the spring 126 and the first foil element 120. 
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[0035] FIG. 4 is illustrative of an alternative embodiment with respect to the issue of 
coulomb damping. Specifically, the second foil element 124 in this embodiment is 
provided within the annular spacing 116 radially outwardly of and concentric to 
the first foil element 120. The spring 126 is therefore adjacent to the second foil 
element 124, and, as such, is disposed radially outwardly of and concentric thereto. 
Disturbances to the journal 114 are therefore damped in part by coulomb damping 
between the first and second foil elements 120 and 124, as well as between the 
second foil element 124 and the apices of the spring 126. As shown, the first foil 
element 120 still extends in a circumferential direction opposite to the direction of 
the spring 126. The second foil element 124 runs in the same circumferential 
direction as the spring 126, but in an opposite circumferential direction from the 
first foil element 120. 

[0036] Additional foil layers may also be provided within the annular spacing 116. 
Preferably, adjacent foils will extend in opposing circumferential directions in an 
alternating mariner. However, the present invention may accommodate adjacent 
foil elements extending in the same direction. For example, the first and second foil 
elements 120 and 124 shown in FIGS. 2-4 may extend from the fin 130 or the bend 
134 in the same circumferential direction with the spring 126 extending in an 
opposite circumferential direction and/ or an additional foil element disposed 
concentric to and radially inwardly of the spring 126 extending in a circumferential 
direction opposite to that of the first and second foil elements 120 and 124. 
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Additional foil elements would also preferably include flange portions attached to 
and forming the anti-rotation fin of the foil assembly. 

[0037] The dimensions of the retaining member 112, the journal 114, the foil 
elements 120 and 124, and the spring 126 will, of course, depend on the application 
and expected loadings of the bearing 110. For example, a bearing 110 having a two- 
inch diameter may be employed in a 40,000 RPM turbocompressor unit for an air 
cycle air conditioning systems. The foil elements 120 and 124 for a two-inch 
diameter bearing may be on the order of 0.002 to 0.010 inches thick, and spring 126 
may have approximately the same thickness. Similarly, the fin 130 or bend 134 
preferably extends away from the foil elements in a radial direction at a length that 
will vary with the size and diameter of the bearing 110. As noted above, the slot 
118 should have a shape and width complementary to the fin 130 and the spring 
flange portion 132, combined, or the bend 134 and the spring flange portion 132, 
combined. As further noted above, the depth of the slot 118 is preferably greater 
than the length of the fin 130 or the bend 134 so that there is a space (e.g., 0.030 
inches) between the end of the fin 130 or the bend 134 and the bottom of the slot 
118. 

[0038] The method of forming the fin 130, of course, depends on the materials used 
in the foil elements 120 and 124. Welding and brazing are preferred where these 
elements are formed from metallic materials. Preferably, the foil elements 120 and 
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124, as well as the spring 126, are formed from INCONEL®, but may be 
manufactured from any aluminum or stainless steel. 

[0039] The foregoing description of embodiments of the present invention has been 
presented for the purpose of illustration and description, and is not intended to be 
exhaustive or to limit the present invention to the form disclosed. As will be 
recognized by those skilled in the pertinent art to which the present invention 
pertains, numerous changes and modifications may be made to the above-described 
embodiments without departing from the broader aspects of the present invention. 



